. Gimenez staining of R. prowazekii (red) in the cytoplasm of L929 cells (blue).
R. prowazekii and R. rickettsii have been classified as biological weapons according to the Centers for Disease Control and Prevention. Rickettsiae pathogens are often stable in an environment outside the host, are infectious at low doses, may be transmitted to humans or animals through aerosols and may persist in infected individuals for the rest of their life, becoming re-active and infectious at any moment. The rickettsial genome size is small and ranges from 1.1 Mb for TG rickettsiae to 1.5 Mb for R. bellii [Merhej et al., 2009; Blanc et al., 2007; Andersson & Andersson S. G. E., 1999] . Because of their reduced genomes, rickettsiae depend on interactions with the infected host eukaryotic cells for survival. In humans, rickettsioses are associated with a large spectrum of clinical symptoms, including fever, rash, headache, myalgia and arthromyalgia. Rickettsiae tend to target and replicate in the vascular endothelium, especially within small vessels. Bacterial infection and replication in the endothelium often results in vasculitis ( figure 2A) , and the morbidity and mortality caused by rickettsioses appear to be a consequence of vascular injury, inflammation and thrombotic complications.
Endothelium
The endothelium is a monolayer of cells that line the interior of the blood and lymphatic vessels. This cellular layer is attached to the basal membrane and participates in the exchange of materials between the blood and tissues. The endothelium consists of about 10 13 cells [Augustin et al., 1994] and weighs approximately 1 kg in humans [Ait-Oufella et al., www.intechopen.com Vasculitis: Endothelial Dysfunction During Rickettsial Infection 59 2010; Sumpio et al., 2002] . Endothelial cells are approximately 100 x 10 µm in size and are tightly connected to each other, which helps to maintain the vascular integrity. Endothelial cells exhibit a large degree of plasticity and heterogeneity, and their morphology is influenced by their environment [Davies, 1995; Allaire and Clowes A. W., 1997; Steinsiepe and Weibel E. R., 1970; Ishii et al., 1986; Tse and Stan R. V., 2010] . For example, arterial endothelial cell morphology is different from venous endothelial cell morphology; interestingly, venous endothelial cells that are subjected to increased shear flow elongate and resemble endothelial cells from arteries [Allaire and Clowes A. W., 1997] . Endothelial cells release a multitude of biological mediators, such as growth factors (e.g., transforming growth factor, basic fibroblast growth factor), vasoactive mediators (e.g., prostacyclin, nitric oxide (NO), endothelin and angiotensin), coagulation and fibrinolysis proteins (e.g., thrombomodulin, heparin, tissue factor, plasminogen activator inhibitor, platelet activating factor, von Willebrand factor) and immune factors, including cytokines, chemokines and adhesion molecules [Ait-Oufella et al., 2010] . Because the endothelium controls the release of these molecules, endothelial cells have been implicated in numerous processes, including vascular homeostasis, coagulation, fibrinolysis, the regulation of blood flow and vasomotor tone, angiogenesis, the regulation of leukocyte adhesion/migration and inflammation [McGettrick et al., 2007] . In addition to their implied role in the innate immune response, endothelial cells express major histocompatibility complex class I and class II molecules and co-stimulation molecules, such as CD86 and CD58, which allow endothelial cells to directly interact with CD8 + and CD4 + T lymphocytes [Pober et al., 1996; Marelli-Berg et al., 1996; Ait-Oufella et al., 2006 ].
Rickettsia-endothelial cell interactions
In vertebrate hosts, rickettsiae typically target the microvascular endothelium (figure 3) and damage the endothelial cells. Studies have shown that rickettsiae bind to the membrane receptor Ku70, which is a component of the DNA-dependent protein kinase that is present at the surface of endothelial cells. The molecular nature of the rickettsial ligands of Ku70 has been determined; they include OmpB, which is expressed by both SFG and TG rickettsiae [Uchiyama, 2003] , and OmpA, which is only expressed by SFG [Li and Walker D. H., 1998 ]. OmpB and OmpA are outer membrane proteins that belong to a large rickettsial surface cell antigen family (sca) [Blanc et al., 2005] . Studies have shown that monoclonal antibodies against OmpB and/or OmpA significantly decrease rickettsial infection of endothelial cells both in vitro and in vivo, and administration of these antibodies protects mice from death [Li and Walker D. H., 1998; Feng et al., 2004] . Additional rickettsial adhesion proteins that play a role in host cell entry have been recently identified, they include the proteins RC1281 and RP828 identified in R. conorii and R. prowazekii, respectively [Renesto et al., 2005a; Renesto et al., 2006] . After binding to endothelial cells, rickettsiae are actively internalized by the endothelial cells [Walker, 1984; Li and Walker D. H., 1992] . To avoid destruction within the phagosome, rickettsiae have developed a strategy to rapidly escape from phagosomes and relocate to the cytosol prior to phagolysosomal fusion [Teysseire et al., 1995] . Phagosome escape appears to be mediated by the hemolysin C (Tly C) and phospholipase D (PLD) proteins, as demonstrated by the complementation of Salmonella enterica by the genes encoding Tly C and PLD [Whitworth et al., 2005; Renesto et al., 2003] . Moreover, a R. prowazekii Evir strain pld mutant has decreased virulence in a guinea pig model. Interestingly, immunization of the guinea pigs with this mutant protects them from infection with subsequent challenges with a virulent strain of R. prowazekii (Breinl strain) [Driskell et al., 2009] . Once in the cytoplasm, rickettsiae acquire nutrients from their host cells through transmembrane exchange proteins that are encoded by genes present in the rickettsial genome in multiple copies [Andersson et al., 1998; McLeod et al., 2004; Renesto et al., 2005b] . The intracellular spreading mechanisms of SFG rickettsiae and TG rickettsiae are different. SFG rickettsiae induce actin polymerization and move within host cells, which allows them to invade the neighboring cells without cell damaging the initially infected cells [Heinzen et al., 1993; Jeng et al., 2004; Gouin et al., 2004] . In contrast, TG rickettsiae are not motile within the cells and can only infect adjacent cells when the bacterial load increases (5-8 times greater than that observed for SFG) and induces host cell lysis [Hackstadt, 1996] . Interestingly, the intracellular motility of Rickettsia species is not associated with virulence, unlike Shigella flexneri [Heindl et al., 2010] and Listeria monocytogenes [Vazquez-Boland et al., 2001] . Avirulent rickettsiae (Rickettsia montana and avirulent strains of R. rickettsii) also (1), rickettsiae are ingested (2) but rapidly escape from phagosomes using PLD and Tly C proteins (3) and replicate in the cytoplasm (4). SFG rickettsiae spread directly to neighbouring cells via actin polymerization without cell damages. TG rickettsiae are released in the extracellular space after damages of infected cells; they infect adjacent cells leading to infection widespread.
induce actin tails [Heinzen et al., 1993] , which indicates that other factors mediate rickettsial virulence. Previous studies have suggested that actin polymerization is dependent upon expression of the Rick A protein, although additional data suggest that Rick A is not the sole protein involved in rickettsial motility. For example, R. typhi induces the formation of short actin tails even in the absence of Rick A [Heinzen et al., 1993] . In addition, Rickettsia raoultii, which belongs to the SFG, expresses Rick A but is unable to mobilize actin [Balraj et al., 2008] . The Sca 2 (surface cell antigen 2) protein may also be involved in the actin-based motility of R. rickettsii [Kleba et al., 2010] ; however, Rickettsia peacockii, which is a member of the SFG that does not exhibit actin-based motility, expresses an apparently intact Sca 2 ortholog and does not express Rick A [Simser et al., 2005] . Thus, the data indicate that the actin-based motility of rickettsiae is a complex process that involves the Rick A and Sca 2 proteins, as well as other unidentified proteins. A large fraction of the rickettsial genome encodes proteins with unknown functions, and no known homologs of these proteins exist in the current databases. 
Endothelium and pathophysiology of rickettsioses
As endothelial infection progresses endothelial dysfunction progressively increases, which results in the associated disease symptoms. Endothelial cell dysfunction in vital organs such as the lungs and brain may cause the high morbidity and the mortality associated with rickettsioses. Microscopic endothelial injury includes increased vascular permeability; infiltration of plasma fluid, plasma proteins and mononuclear cells into the surrounding tissues; the formation of hemorrhagic foci (figure 2B); edema (figure 4A); and inflammatory lesions ( figure 4B) . Several mechanisms may explain the increased permeability of blood vessels during rickettsial infections. During the early stages of infection, the endothelial cells demonstrate increased permeability, although they do not die. Rickettsiae binding to the endothelial cells may stimulate signal transduction pathways in the endothelial cells, which results in remodeling of the actin cytoskeleton and changes in the junction proteins. The cellular junctions maintain the vascular integrity and mediate anchorage to the actin microfilaments through the vascular endothelial cadherin and catenin proteins [Dejana et al., 1999; Bazzoni and Dejana E., 2004] . A previous study has shown that within 24 hours after R. rickettsii infection the vascular permeability is increased, and the and p120 catenin proteins dissociate from the inter-endothelial cellular junctions [Woods and Olano J. P., 2008] . One parameter to measure endothelial damage is to quantify the number of circulating endothelial cells [Brevetti et al., 2008] . A previous study has shown that the number of circulating endothelial cells increases in individuals infected with rickettsiae because the infected endothelial cells detach [George et al., 1993] . Endothelial cell detachment is not observed at the beginning of the disease because at this stage rickettsiae, as other strictly intracellular organisms, are within the cells and do not induce host cell death. One major strategy employed by rickettsiae to survive and replicate within their host cells is to inhibit endothelial cell apoptosis via NF-κB activation [Sahni et al., 1998; Joshi et al., 2003; Sporn et al., 1997] . NF-κB is a transcription factor that triggers an inflammatory response during rickettsial infection of the endothelial cells. Interestingly, in an in vitro system where endothelial cells were infected with a virulent R. prowazekii strain, the expression of proapoptotic genes, such as Bcl 2, caspase 8 and Naip was decreased; moreover, expression of the interferon type I (IFN-I)-inducible genes was inhibited [Bechah et al., 2010] . This response suggests that the survival of rickettsiae within their host cells depends on a combination of several mechanisms. The death and the subsequent detachment of infected endothelial cells in the later stages of infection may be caused by a marked increased in the bacterial load, especially with the TG rickettsiae; previous studies have also shown that apoptotic/necrotic cell death may be mediated by CD8 + cytotoxic T lymphocytes Walker et al., 1994] . The increased vascular permeability during rickettsial infection may also be mediated by the production of cytokines and chemokines. In vivo and in vitro studies have shown that rickettsial infection of endothelial cells stimulates the release of proinflammatory cytokines, such as IL-1 , IL-6 and IL-8 Oristrell et al., 2004; Damas et al., 2009] , as well as the secretion of chemokines, such as CCL-2, CCL-5, CXCL-9, CXCL-10 and CX3CL-1 [Bechah et al., 2008; Bechah et al., 2007; Valbuena et al., 2003; Valbuena and Walker D. H., 2005] . Additional in vitro and in vivo studies have also shown that infection increases the expression of adhesive molecules, such as E-selectin, intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) [Dignat-George et al., 1997; Damas et al., 2009] ; these adhesive molecules regulate leukocyte movement between the circulation and the surrounding tissues. Fig. 5 . Schematic representation of the natural history of rickettsial infections This representation of rickettsial infections is based on both in vitro and in vivo data. Infection of endothelial cells is followed by endothelial dysfunction. Several phenotypic and physiological disorders occur: expression and release of adhesion molecules, cytokines, chemokines as well as procoagulant molecules. These disorders lead to increased vascular permeability and the passage of blood molecules and inflammatory cells from vessels to interstitial space. They also lead to the alteration of coagulation pathway. Consequently, edema, microhemorrhages and inflammatory lesions appear as well as hypovolemia, shock with multiple organ dysfunctions as major manifestations.
In addition, rickettsial infection of the endothelial cells induces the secretion of prostaglandins, leukotrienes and nitric oxide (NO) [Walker et al., 1990; Rydkina et al., 2006; Woods et al., 2005] , which are vasoactive mediators that increase vascular permeability. Prostaglandins and leukotrienes are generated from arachidonic acid by the cyclooxygenase (COX) enzymes, which are controlled by heme oxygenase (HO-1) [Haider et al., 2002; Rydkina et al., 2002] . In vitro and in vivo studies of rickettsial infection have shown that increased COX-2 expression in endothelial cells is related to increased prostaglandin secretion, which may explain some of the clinical manifestations of rickettsioses, such as pain, fever and inflammation. NO is synthesized from L-arginine by endothelial NO synthase (eNOS), and the expression level of eNOS rapidly increases after rickettsial infection . NO increases the vascular permeability of endothelial cells [Woods et al., 2005] and plays a role in inducing rickettsial death [Feng and Walker D. H., 2000; Walker et al., 1997] . Correspondingly, the inhibition of NO generation increases the rickettsial burden in infected endothelial cells . In addition to stimulating the release of cytokines/chemokines and vasoactive mediators, rickettsial endothelial cell infection also induces the release of pro-coagulant proteins, such as thrombomodulin, tissue factor, plasminogen activator inhibitor, platelet activating factor and von Willebrand factor both in vitro and in vivo [Elghetany and Walker D. H., 1999; Schmaier et al., 2001; Teysseire et al., 1992; Shi et al., 1996; Bechah et al., 2008; Lorant et al., 1995; Schmaier et al., 2001] . The release of pro-coagulant proteins may explain why thrombosis is associated with severe forms of rickettsioses. Collectively, these changes to be in the endothelium during infection induce massive transmigration and infiltration of blood components and immune cells into the interstitial space. The subsequent hypovolemia contributes to shock and decreases the supply of nutrients and oxygen (perfusion) to various organs; as a consequence, multiple organ dysfunction, such as renal and cardiac failure, may be observed. The infiltration of blood components and inflammatory cells into the interstitial space leads to edema, microhemorrhages and inflammatory lesions that are mainly composed of infiltrating mononuclear cells; all of these symptoms are characteristic for rickettsial infection (figure 5). The increased transmigration of leukocytes may further increase tissue damage because these cells release proteases and oxygen radicals. We have recently shown that leukocytes that migrate throughout R. prowazekii-infected endothelial cells secrete increased levels of inflammatory and procoagulant mediators and may subsequently recruit additional immune cells [Bechah et al., 2008 ].
Conclusions
Rickettsioses are infectious diseases that target endothelial cells and cause endothelial dysfunction. The hallmark of rickettsial infections is widespread vascular injury that results in increased permeability of the endothelium and the escape of fluids and cells from the blood vessels into the interstitial space. This leakage ultimately results in edema, microhemorrhages, rashes and mononuclear cell infiltration around vessels and into surrounding tissues that form the characteristic lesions of rickettsioses (vasculitis). Changes in vital organs, such as the brain and lungs, induce hypoxemia, compression and increase oxidative stress, which result in a high morbidity and mortality. The leakage of blood fluids induces hypovolemia and ischemia in the affected organs, whereas other organs may be affected as a result of poor blood perfusion. Finally, cell death and an exaggerated host response with pro-coagulant activity in small vessels may lead to the development of occlusive thrombosis. We believe that understanding the endothelial cell dysfunction caused by rickettsioses may provide new insights to prevent the severity and the progression of rickettsial diseases. Finally, the treatment of vasculitis induced by rickettsiae depends on the bacterial control by antibiotics. However, as vasculitis may also be exacerbated in patients through excessive host response, the understanding of the mechanisms governing inflammatory responses could improve patient follow-up and avoid any squeals.
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